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New emergent states of matter in quantum systems may be created under non-equilibrium conditions 
if - through many body interactions - its constituents order on a timescale which is shorter than the 
time required for the system to reach thermal equilibrium. Conventionally non-equilibrium ordering 
is discussed in terms of symmetry breaking1-5, nonthermal order-disorder 6-8, and more recently 
quenched topological transitions9.  Here we report a fundamentally new and unusual metastable form 
of amorphous correlation-localized fermionic matter, which is formed in a new type of quantum 
transition at low temperature either by short pulse photoexcitation or by electrical charge injection 
in the transition metal dichalcogenide 1T-TaS2. Scanning tunnelling microscopy (STM) reveals a 
pseudo-amorphous packing of localized electrons within the crystal lattice that is significantly denser 
than its hexagonally ordered low-temperature ground state, or any other ordered states of the 
system. Remarkably, the arrangement is not random, but displays a ‘hyperuniform’ spatial density 
distribution commonly encountered in classical jammed systems, showing no signs of aggregation or 
phase separation. Unexpectedly for a localized electron system, tunnelling spectroscopy and multi-
STM-tip surface resistance measurements reveal that the overall state is gapless and conducting, 
which implies that localized and itinerant carriers are resonantly entangled. The amorphous localized 
electron subsystem can be understood theoretically to arise from strong correlations between 
polarons sparsely dispersed on a 2D hexagonal atomic lattice, while itinerant carriers act as a 
resonantly coupled reservoir distinct in momentum space. Apart from creating an entirely new may-
body state of matter, the experiments reveal a path for the creation of unexpected emergent states 
that cannot be created or anticipated under thermodynamic equilibrium conditions.  
Materials with multiple competing interactions are ideal systems for searching new exotic states of 
matter forming under nonequilibrium conditions.  In low-dimensional materials such as transition metal 
dichalcogenides, charge density waves (CDWs) 10 compete with Coulomb interactions, lattice strain and 
spin or orbital ordering, leading to breakup of such states under different circumstances and the 
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formation of a variety of competing orders. The diversity of such states may be extended further under 
external influence. 1T-TaS2 (Fig. 1a) is a well-studied dichalcogenide model system whose phase diagram 
is extraordinarily rich and includes metallic, incommensurate (IC), nearly commensurate (NC) and 
commensurate (C) CDW states, as well as superconductivity11,12, and an unusual gapless quantum spin 
liquid state13. Its phase diagram is extended by photoexcitation, leading to an unusual metastable 
double vortex charge-ordered structure 9, while short-lived transient electronic ordering has been 
reported under different conditions14. Here we report on the creation of an exotic ultra-dense 
metastable ungapped amorphous electronic state in an otherwise perfectly ordered 1T-TaS2 crystal, 
created by external laser pulses or charge injection, whose properties are without parallel in solid state 
fermionic systems. 
An STM image of the C ground state (Fig. 1c) of 1T-TaS2 at 4.2K from which we start, shows a CDW 
which can be viewed as a hexagonal packing of localized polarons, appearing as a triangular pattern of 
S atoms on the surface around the central Ta atom, enhanced by the chosen tip bias voltage (!" =100mV or -800mV). It is surrounded by 12 Ta atoms displaced towards it forming the shape of a 
hexagram (inset to Fig. 1c). After exposure of a & ∼ 100() diameter spot to a single 30fs, 800 nm laser 
pulse with fluence adjusted above a threshold of * ≃ 3.5 mJ/cm2, the STM image reveals a dramatic 
change (Fig. 1d,e). The polarons now show an amorphous (A) arrangement, densely filling the entire 
surface. Remarkably, we see no long range density fluctuations, which is a signature of 
hyperuniformity15. A similar effect over an area ,- ∼ 1 × 1 μm is observed when a ∼ 	10V pulse from 
an STM tip is passed through the sample. The amorphous structure is completely stable at 4.2 K during 
scanning. Unexpectedly, under sequential STM scanning conditions at 77 K the system becomes 
perceptibly more amorphous with time (See SI for Fourier transforms of consequtive STM scans), 
showing no tendency of relaxation towards the C ground state. The barrier for relaxation to the C state 
is thus clearly quite high, which is confirmed by the fact that the unperturbed state is stable for long 
periods (days) up to 2001. However, 3V pulses from the STM tip (see SI) can cause local patches of C 
order to gradually appear. The fluence-dependence of spectral features of the collective mode 
measured by coherent phonon spectroscopy reveals that the transformation is not limited to the surface 
layer but is present up to a depth of at least 20 nm (see SI for details). 
Optimizing STM contrast and tip bias allows us to identify the relative positions of localized electrons 
and compare their pair distribution functions (PDF) 2345(-) (8) in the A state with the C ground state (Fig. 
2b). Two things become apparent: (i) the A state has a much smaller nearest neighbor (NN) distance & 
(1 ± 0.05 nm) than the C state and (ii) there is a notable absence of any peaks at 8 > 	3	nm which 
implies an absence of long-range correlations beyond 3 NNs. A similar PDF analysis for the atomic 
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pattern 2>"(-)(8) (Fig. 2c) reveals that the smaller NN positions found in polaronic PDFs (Fig. 2b) coincide 
with the 5th atomic neighbor, demonstrating that in the A state electrons predominately cause 
distortions on atomic sites which correspond to NN polaron-polaron distances. Clearly separated peaks 
at large distances (Fig. 2d) signify that the underlying lattice is only locally distorted without perturbation 
of long range lattice order. 
Plotting the normalized radial dependence of the polaron density ?,  ?A- = B CA/EF- vs. G/H, where H  is the nearest-neighbor distance, we see a clear decay, which is a signature of a hyperunifrom 
distribution common in classical jammed systems16.  A fit (Fig.2e) reveals a hyperuniformity exponent 
of I = 0.60 ± 0.03. For comparison, random polaron packing would give I = 0, (?A- = constant). (See 
SI for detailed analysis). Remarkably, the density of localized polarons in the A state is ∼ 23	% higher 
(KL 	= 	0.98 ± 0.02	K)O-) than the hexagonally packed C ground state (KP = 0.80 ± 0.02	K)O-); a 
surprising fact, considering that the hexagonal packing of charges in the C state is the densest possible 
packing of classical spheres in 2D. Amorphous matter that is denser than the crystalline form is very rare 
in nature17. The remarkable stability (to > 200K) and absence of relaxation towards the C state implies 
that polarons are trapped in configurational space by the strong mutual correlations, exhibiting the kind 
of non-ergodicity that is expected for maximally correlated jammed states 15. 
Investigating the electronic structure by tunneling spectroscopy reveals that the density of 
electronic states (DOS) is convincingly gapless for all polaron configurations (Fig. 3a) with a small V-
shaped dip in the range ± 0.1 eV from QR which can be interpreted as a signature of incipient localization 
by some fraction of the carriers18.  In contrast, the C state shows distinct sharp features commonly 
assigned to Hubbard bands19-22 and zero conductance within the gap from −0.1V to +0.15V (Fig. 3a). 
To ascertain if the carriers in the A state are localized Fermi-glass-like or are metallic as the DOS suggests, 
we performed an in-situ three-STM tip switching experiment (see Fig. 1b for schematic). Two tips ∼ 1 
μm apart are used to apply a 30mA switching pulse and measure the resistance G-"U3  before and after 
switching. The third tip in between them is used to confirm the local A polaron structure after switching. 
The result is unambiguous: the resistance drops from G-"U3 ≃ 8VW → 340W upon C→A switching (see 
SI for more details.) Thus, both vertical tunneling and the surface current between two tips shows that 
the A state becomes more conducting in spite of the electrons being localized. We conclude that the 
system is in a mixed quantum state composed of spatially localized polarons entangled with itinerant 
carriers. This distinguishes it from conventional Fermi and Coulomb glasses, and most other complex 
states of matter.  
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Considering the transition mechanism from the excited state to the A state, the observed non-
ergodic dynamics suggests it is formed through many body localization of a significant fraction of the 
available electrons through mutual interactions. The electronic band structure in the undistorted state 
of 1T-TaS2 (appropriate for a laser-melted CDW) has a single Ta band in the vicinity of the Fermi level 
(Fig. 3d) which exhibits an unusual duality: in the M−1,  Γ − \ and 	Γ − ] (interlayer) directions the 
band crossing  QR is predicted to be very dispersive with fast itinerant electrons, while along the Γ − 	^ 
direction it is virtually dispersionless over a large range of momenta and just above the Fermi level 23. 
The carriers in this band have an unusually large effective mass over a large range of momenta. After 
photoexcitation or injection through the STM tip, the energetic carriers rapidly lose energy through 
mutual scattering and phonon emission, while increasing in density as a result of avalanche 
multiplication24. At some point in time the carriers which occupy the dispersionless Γ − ^ band, the 
massive carriers start to localise. If we consider the Coulomb repulsion as an analogue of hard-sphere 
interaction of classical systems, above a certain critical density all available space is filled by the localizing 
carriers and the electrons become immobilized as a result of mutual correlations, following the classical 
density-driven jamming transition scenario. After the process is over, the rest of the carriers remain 
itinerant, occupying the dispersive	bands crossing the Fermi level. The localized states are spread in 
momentum space over ΔV ≃ 2`/&, i.e. over a large part of the zone, overlapping with the itinerant 
bands in k-space. However, having the same energy and occupying the same region of k-space as the 
localized particles, the two necessarily couple and become entangled. 
Considering the localization dynamics on a regular 2D lattice25,26, the strong tendency toward spin- 
charge separation and coexistence of localized charge order with spin-liquid-like fluctuations 13 reinforce 
theoretical indications that coupling of fermions to slow spin-fluctuations may help mediate the 
localization process resulting in non-ergodic behaviour27,28. Similarly, lattice vibrations are also expected 
to aid disordered localization, a notion supported by the experimental evidence for frozen lattice 
distortions in Fig. 2e. However, all such model discussions so far27,29 lead to gapped behaviour, which is 
inconsistent with the measured DOS and itinerant electron transport.  We conclude that the A state – 
with correlation-localized and itinerant carriers is beyond current single closed-system many body 
localisation theories, and requires a multiband treatment in which the localized electron states are 
resonantly entangled with itinerant electrons, to understand the experimentally observed itinerant 
electron character (Fig. 3d) 
The stability of the correlation-localized electron subsystem, subject to Coulomb repulsion and 
lattice strain can be investigated with the Hamiltonian30 a = ∑ !(c, d)(KU − e	)fKg − e	hU,g . Here !(c, d) 
is a screened Coulomb potential, 	KU = 1 if the site occupied and 0 otherwise, and e  is the average 
 5 
polaron density. The configurational minimum within this model found by Monte-Carlo simulations of a  on a hexagonal mesh, using the experimental density KL  as a fixed input parameter compares 
remarkably well with experiments in Fig. 4a and b respectively. (See SI for calculation details). 
Experimentally, our observation that relaxation proceeds in the direction of greater disorder (see SI) 
supports the implied notion that the A state is a free energy minimum. The model also predicts a 
hyperuniform distribution of polarons, the PDFs (Fig. 4f) showing quite good agreement with the STM 
data (Fig. 2d) and a comparable hyperuniformity exponent I"ij4kl 	= 	0.87 ± 0.04 (Fig. 4 g). Screened 
Coulomb interactions are thus apparently sufficient for a qualitative understanding of the hyperuniform 
polaron distribution even without considering spin or lattice disorder. But since transport is limited to 
diffusion within such models30-32, the metal-like transport requires consideration of the mixed state.   
The effective charge n∗ of each polaron is shown by a Voronoi cell construction shown in Figs. 4 a, b 
for the experimental data and the model respectively. It reveals a tiling of irregular polygons with no 
translational or rotational symmetry. Generally n∗ ≠ q so each electron is shared between different 
numbers of Ta atoms. Without additional doping, the C ground state structure has one electron per unit 
cell with 13 Ta atoms. Other electron-rich ordered structures with different electron number densities 
may exist in this structure with  e = rs , rt , ru , rr- , rrv…	 electrons per 1T-TaS2 elementary unit cell whose 
primitive cells are shown in Fig. 4 e. The observed average experimental density in the A state is e =0.094q. The state may thus be thought of as an electron-rich tessellation with tiles that correspond to 
the different charge ordered states, with an average between ru and rr-. The itinerant Γ −\ and Γ − 1 
bands then act as a charge reservoir to which the charged localized states are coupled. By analyzing the 
inter-polaron distances, we can assign corresponding primitive cells to each polaron (Figs. 4 c, d), which 
beautifully shows that the state shows no sign of phase separation or aggregation into any kind of 
regular structure.  
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Figure captions. 
Figure 1. Structure, experiment and basic observation by STM of initial and final states of 
polarons after excitation by a single laser pulse. a) Schematic view of two layers of 1T-TaS2 crystal. b) 
Low-temperature UHV STM configuration with multiple tips (3 are shown) combined with the ultrafast 
laser beam. c) C ground state exhibiting a regular lattice of polarons, shown schematically in the left 
insert. The right insert shows a (raw) atomic resolution STM image of polarons at 0.1 V tip bias 
emphasizing the S atoms. d) The A state formed after a single 30 fs pulse at 4.2K shows an amorphous 
structure. e) An atomic resolution image of the A-state shows localized polarons superimposed on the 
atomic lattice. 
Figure 2. Distances in between polarons and atoms. a) A point pattern extracted from the 
experimental STM images of polarons in Fig. 1d. b) Polaron PDFs in the A and C states in blue and 
orange respectively derived from a). The peak assignments for the C-state in terms of the nearest 
neighbours are shown in c). d) A point pattern of atoms extracted from Fig. 1e. e) Atomic PDFs of the A 
and C states shown by blue and green lines respectively. The orange line is a simulation for the C state. 
The PDF in the A state is smeared at 1 nm and 1.15 nm, corresponding to the nearest-neighbour 
polaron distance (see blue dashed lines). f) Polaron density fluctuations in the A-state for the data 
within the radius shown in a). The blue line is a power law fit to B CA/EF- giving a hyperuniform value of I = 0.6 ± 0.03. (see SI for details of fit). 
Figure 3. Density of electronic states (DOS) measured by STS a) Comparison of the C and A states 
(the latter is averaged over 25 different points on the surface shown in the topographic image panel 
(c)). Red dots indicate where spectroscopy curves were measured. While the C-state has clear gap at 
the Fermi level, the A-state has finite DOS and a small linear V-shaped pseudogap-like feature centred 
at QR. The vertical dashed lines indicate the C state band edges which appear to be partly preserved in 
the A-state.  Vertical grey regions indicate the position of the states commonly ascribed lower and 
upper Hubbard bands. b) Individual DOS curves measured at different points (white squares in c)), 
illustrating the robustness of the DOS and the pseudogap. d) a schematic in-plane high temperature 
band structure of 1T-TaS2 (after 23). The shaded regions correspond to itinerant and localisation-prone 
states respectively. The insert indicates the directions in the Brillouin zone. 
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Figure 4. Tiling patterns formed by polarons in the A state shown by two types of mapping (expt. 
and modelling). a) and b) reveal the effective polaron charge for each Voronoi cell which varies from 
1/7 to 1/16 qO per atomic unit cell. c)  and d) show tiling based on the characteristic distances 
between the nearest neighbors in the pattern. While tile area varies, its diagonal corresponds to one 
of the five characteristic superstructures on the triangular lattice shown in the primitive cell e). 
Remarkably, we see almost no aggregation in the experimental data (e). f) Comparison of the 
experimental and Monte-Carlo simulations of polaronic PDFs, shown in blue and orange respectively. 
Dashed vertical lines show the positions of the peaks corresponding to specific superstructures (e).  g) 
Dependence of a normalized variance on distance for the point pattern obtained in Monte-Carlo 
simulations shows hyperuniform behavior with the decay rate of I"ij4kl 	= 	0.87 ± 0.04, compared 
with the measured value Ijx3". 	= 0.6 ± 0.03 shown in Fig. 2. 
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